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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain

micrometer ({tm) 0.00003937 inch

millimeter (mm) 0.03937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
microliter (LL) 0.00003381 ounce, fluid
milliliter (mL) 0.03381 ounce, fluid
liter (L)  33.82 ounce, fluid
milligram (mg) 0.0000353 ounce
gram (g) 0.002205 pound
kilogram (kg) 2.205 pound
hectare (ha) 2471 acre
liter per second (L/s) 0.03531 cubic foot per second
meter per kilometer (m/km) 5.280 foot per mile

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929--a geodetic datum derived from a
general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units used in this report: Chemical concentrations and water temperature are given only in metric
units. Chemical concentration in water is given in microequivalents per liter (peq/L) or micromoles per liter (Wmol/L).
Microequivalents per liter and micromoles per liter are used because they are the most accurate and meaningful units with which
to report the chemistry of dilute waters. Microequivalents per liter is a unit expressing the concentration of chemical constituents
in solution as equivalent charges (equivalents) of solute per unit volume (liter) of water. One thousand microequivalents per liter
is equal to one milliequivalent per liter. Stable-isotope concentration is reported in per mille (per mil), which is equivalent to parts
per thousand.

Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (S/cm). This unit is

equivalent to micromhos per centimeter at 25 degrees Celsius (umho/cm), formerly used by the U.S. Geological Survey. pH is

given in standard units, which can be converted to microequivalents per liter of hydrogen ion (H*) by use of the following equation:
pH = [-log(H)][1 x 109].

Temperature is given in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by use of the following equation:

°F = 1.8(°C) + 32.
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CONVERSION OF UNITS OF CONCENTRATION

Multiply the concentration of ionic chemical species in microequivalents per liter (leq/L) or micromoles per liter (umol/L) by
the appropriate factor given below to obtain the concentration in milligrams per liter (mg/L). Concentrations expressed in
microequivalents per liter, as they are in this report, are particularly useful when computing cation-anion balances.

Multiply microequivalent By To obtain milligram
per liter units: per liter units for:
Hydrogen (H*) 0.00101 H*
Calcium (Ca®*)  0.02004 Ca?*
Magnesium (Mg2*)  0.01215 Mg+
Sodium (Na*) 0.02299 Na*
Potassium (K*) 0.03910 K*
Aluminum (AP*)  0.00899 AP+
Iron (Fe?*)  0.02792 Fe?*
Ammonium (NH4*) 0.01805 NH,*
Chloride (CI’) 0.03545 cr
Nitrite (NO,") 0.04601 NO,”
Nitrate (NO%') 0.06201 NOjy
Sulfate (SO,%)  0.04803 SO4*
Bicarbonate (HCO5) 0.06102 HCOy
Silica (SiO,) (micromoles per liter) 0.06009 SiO,
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Hydrologic and Geochemical Factors Affecting
the Chemistry of Small Headwater Streams in
Response to Acidic Deposition on Catoctin Mountain,

North-Central Maryland

By Karen C. Rice and Owen P. Bricker

ABSTRACT

A study was conducted by the U.S. Geolog-
ical Survey during 1990-93, in cooperation
with the Maryland Department of the Environ-
ment and the Maryland Department of Natural
Resources, to provide an assessment of the sus-
ceptibility of small headwater streams to epi-
sodic acidification and to evaluate the
hydrological and geochemical factors affecting
the chemical composition of the streams. Epi-
sodic acidification is of environmental concern
because it can seriously affect aquatic biota,
particularly finfish. The study was focused on
two small watersheds in the Blue Ridge Physi-
ographic Province of Maryland, on Catoctin
Mountain in Frederick County. The Bear
Branch and Fishing Creek tributary watersheds
are similar in area, vegetation, land use, soils,
geology, precipitation, and direction of stream-
flow. The watersheds are underlain by the
Weverton Formation, a siliciclastic rock type
that contains few reactive (weatherable) miner-
als; therefore, the watersheds are more suscep-
tible to acidification by acidic deposition than
are watersheds underlain by more reactive
rocks. Hydrologic, geochemical, and isotopic
data on precipitation, throughfall, two depths of
soil water, shallow ground water, and stream-
water during both base-flow and stormflow
conditions were collected from and near the
watersheds for various periods of time from
June 1990 through December 1993.

Geochemical data collected from the two
watersheds indicate that the streams undergo
episodic acidification. During base flow,
streams draining these watersheds are slightly
acidic (pH 5.5-6.5) with a low positive acid-
neutralizing capacity (5-60 microequivalents
per liter). During storms, the pH of the streams
decreases (pH sometimes below 5.0), the acid-
neutralizing capacity decreases, and in Bear
Branch, the acid-neutralizing capacity becomes
negative. Values of pH below 5.0 are believed
to be harmful to many aquatic organisms. Hy-
drologic and isotopic data indicate that the
changes in streamwater chemistry during
stormflow are caused by short, shallow flow
paths; that is, waters that have had a short resi-
dence time in the watersheds are routed to the
streams to become stormflow. The shallow,
short residence-time waters generally are acid-
ic because the contact time with watershed ma-
terials is short and because the highly
weathered, near-surface watershed materials
offer little buffering capacity. The streamwater
chemistry of the two watersheds studied is typ-
ical of watersheds throughout the Blue Ridge
Physiographic Province underlain by siliciclas-
tic rocks and of other watersheds, worldwide,
underlain by similar rock types.
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INTRODUCTION

Acidic deposition (or commonly, "acid rain") is
a well-known and controversial environmental
problem, particularly in the Eastern United States.
Acid rain can affect the quality of surface water in
two ways: by causing either chronic or episodic
acidification. Chronic acidification of surface wa-
ter results from repeated inputs of acid rain over a
period of years, which slowly cause changes in the
watershed chemistry so that the stream becomes
permanently acidified. A measure of the degree of
acidification of a stream is its acid-neutralizing ca-
pacity (ANC), where a large value for the ANC in-
dicates that the water is not acidified, and where an
ANC of less than or equal to zero indicates acidifi-
cation. Episodic acidification of a stream occurs
over a relatively short time period (hours or days) as
a result of an individual rainstorm or snowmelt and
causes a temporary decrease in water pH and ANC.
Most water bodies that are underlain by rock types
that weather slowly and where episodic acidifica-
tion takes place, eventually will become chronically
acidified (Wigington and others, 1990).

Episodic acidification is an environmental con-
cern because the short-term changes in streamwater
chemistry can have detrimental effects on aquatic
organisms, including finfish, even though the
streamwater chemistry is generally suitable for
most of the year (Baker and others, 1990). Episodic
acidification in streams throughout the United
States, Canada, and Europe has been well docu-
mented (Wigington and others, 1990, and refer-
ences therein; Rice and Bricker, 1992a; O'Brien and
others, 1993). Although episodic acidification is
widespread, the exact watershed mechanisms that
are responsible for episodic acidification are not
well understood. This report summarizes research
on the occurrence and causes of episodic acidifica-
tion of two small watersheds in the Blue Ridge
Physiographic Province of Maryland.

Small watersheds (those with an area less than
200 ha) are ideal study units because (1) it is less
difficult to measure the inputs by atmospheric dep-
osition and the exports by surface runoff in small
basins than in large basins; (2) small watersheds are

less likely to be affected by anthropogenic distur-
bances other than those that affect atmospheric dep-
osition, such as agricultural activity, deforestation,
development, and wastewater disposal, than are
large basins; (3) small watersheds may be confined
to single bedrock types, simplifying the identifica-
tion of watershed sources of dissolved solutes; (4)
much research has been done on small forested wa-
tersheds aimed at understanding streamflow-
generation mechanisms and the biogeochemistry of
throughfall, soil water, ground water, and surface
runoff; and (5) results of research on small water-
sheds could be extrapolated to larger basins for the
determination of more regional effects of atmos-
pheric deposition.

The Middle Atlantic States receive some of the
most acidic precipitation in the Nation (U.S. Na-
tional Acid Precipitation Assessment Program,
1991). The State of Maryland has recognized the
importance of acidic deposition in the region and its
effects on the quality of its waters and the health of
its aquatic resources. Four streamwater-quality
studies conducted in Maryland (Janicki and
Cummins, 1983; Janicki and Greening, 1987;
Knapp and others, 1988a, 1988b) prompted the
State legislature in July 1989 to establish the Mary-
land Department of the Environment (MDE)
Stream Acidification Monitoring Program
(SAMP), which has three components: (1) a long-
term trend study; (2) a yearly survey; and (3) a bio-
logical monitoring component. For these reasons,
two small watersheds in the Blue Ridge Physio-
graphic Province of Maryland were chosen by the
U.S. Geological Survey (USGS) for intensive in-
strumentation and water-quality monitoring to as-
sess the effects of episodic acidification in those
watersheds. This study, begun in 1990, was done as
a joint-funding agreement between the MDE, the
State of Maryland's Department of Natural Re-
sources (DNR), and the USGS. The watershed sites
established for the USGS study have been incorpo-
rated as part of MDE's SAMP long-term trend
study.
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compositions because of the mixed hardwood for-
ests that cover the watersheds. Deciduous species in
both watersheds include oak, maple, hickory,
beech, wild cherry, and poplar. In addition to the
dominantly deciduous species, the Bear Branch wa-
tershed includes approximately 10-percent hemlock
trees, and the Fishing Creek tributary watershed in-
cludes some mountain laurel shrubs. The effect of
the forest canopy in each watershed was measured
by collecting throughfall samples from beneath
each major canopy type (deciduous and coniferous)
and comparing the chemistry to that of precipitation
collected for the same time period (usually 1week).
The effect of the forest canopy on the chemical
quality of the water entering the watersheds is dis-
cussed in more detail later in the report.

Organic-Litter Layer

The organic-litter layer is the first component
that water contacts once it reaches the forest floor.
The layer consists of organic debris (leaves, roots,
twigs, bark, fruits, and stems), which accumulates
on the forest floor, as well as rocks and growing and
decaying organic matter. The organic-litter layers
in the Bear Branch and Fishing Creek tributary wa-
tersheds are from 0.10 to 0.15 m thick.

In general, the organic-litter layer samples from
the Bear Branch and Fishing Creek tributary water-
sheds have an average pH of 4.16, an average of
about 14-percent organic matter, an average CEC of
20 meg/100 g (milliequivalents per 100 grams), an
average of extractable Al of 46 mg/kg (milligrams
per kilogram), and consist of about 50-percent sand,
41-percent silt, and 9-percent clay. The results of
the analyses of the organic-litter layers are summa-
rized in table 3. The resuits indicate that the samples
from the Bear Branch watershed have slightly more
sand and slightly less clay in the organic layer than
the samples from the Fishing Creek tributary water-
shed, and that the samples from both watersheds
had similar pH's, percentage of organic matter, and
percentage of total S. The samples from the Bear
Branch watershed had less extractable SO,%, higher
CEC's, higher percentage of organic carbon, slight-
Iy less total Al but more extractable Al than the
samples from the Fishing Creek tributary water-
shed. Although little variability is indicated in the
results from the two lysimeter pits in the Bear

Branch watershed except in pH and extractable Al,
more variability is indicated between the two lysim-
eter pits in the Fishing Creek tributary watershed.
Pit 1 had higher pH, less organic matter, lower
CEC, and lower extractable Al. The difference in
the composition of the organic-litter layer from pit
1 to pit 2 may be attributable to the fact that pit 1 is
partially shielded by an outcrop of phyllite (fig. 4).

Mineral Soil

The mineral soil is the next watershed compo-
nent that water contacts as it travels through a wa-
tershed. The mineral soils in these watersheds are
residual soils derived from the underlying bedrock.
Soils are the product of bedrock that has been acted
upon by physical, chemical, and biological process-
es so that a watershed material is created that can
support rooted plants. In general, a vertical soil pro-
file is divided into three horizons: (1) an upper ho-
rizon, which has maximum organic accumulation
and from which clay minerals, aluminum, and iron
have been leached; (2) a middle horizon, which is
the zone of accumulation of clay, aluminum, and
iron; and (3) a lower horizon, which is the layer of
unconsolidated, weathered parent bedrock. The ho-
rizons vary in thickness, and not all horizons are
present in every soil profile. Most soil profiles con-
tain rock fragments of the parent bedrock, which are
scattered throughout each horizon. The rock frag-
ments tend to increase in size with depth, indicating
that the upper soil horizons are generally more
weathered than the lower horizons.

Mineral soils in the Bear Branch and Fishing
Creek tributary watersheds range in thickness from
0 (exposed bedrock) to about 3 m, and soil horizons
are poorly developed. The soils are described as
very stony loams (Matthews, 1960), and large
pieces of rock (less than 1 to more than 1 m in di-
ameter) were encountered during lysimeter and
well-point installation. Analytical results for the
soil samples collected during lysimeter pit excava-
tion are summarized in table 4.

The results from the soil analyses indicate that
the percentage of sand in the lysimeter pits
increases with depth below land surface, whereas
the percentages of silt and clay decrease (table 4,
fig. 7). In general, the pH of the soils increases

Factors affecting stream chemistry on Catoctin Mountain, Md. 23



1A% S6'v 00 Ls TET 89 791 134 134 9Tl 8Ty Sy ¢ nd 1ojounshg
§'sT SLy €00 0¢ 8¢l 'S 9°s 9V Ly 601 L&4% Loy [ nd 19p0wisA T
paysazem AleIngLas ¥ Surysiy
619 8T¢ S0°0 76 8'8¢ eve 'Ll 8¢ 8¢ I TLE £LS Z ud sopdunsd
ves SL'E 900 €9 8'1€ €re ¥'sl vy 134 €L 8y 6’6y 1 3d sajounsiy
PAYsIdjeM oueay Jeag
(8y/8w) (3 0o1/boW)
wnuiuny  (Jusoiad) (uaoiad) (yuaoiad) Qoedes (8 gor/bow)  sopew Hd Hd Ke1n ns pueg uoneoo]
a1qeornXy 1210} €10} owedio 23ueyoxa 2gejIns oedio J)sed I'1
DM NI ‘wnumun)y  Ingng ‘uoqie) uone) J1qeIoBNXT USR] yuao1ad ui ‘sisA[eue szis-spo1ued

[wresSoqry Jod swesdniu “3y/8w <uonnjos apuo(yo wnissejod [ewiou uo 1D NI

‘ssweid 0o1 1od syusreambaryu ‘3 go1/bow suoneuruap Hd jo poyjew ased uonenjes ‘Hd sed ‘suoneunuid)ap Hd jo poyjow onyes “Hd 1:1 ]

PUBIAIEIN ‘UTBJUNOIN U1JO0JE)) WIOL] pa)oa]joo sajdiues Jo sasAjeue Jake] Jop1[-o1uedio Jo synsay ‘¢ AAqelL

24 Factors affecting stream chemistry on Catoctin Mountain, Md.



0'€T 6v'v w00 o oL s Lo s oS 8¢S §'9C L'L9 Jajout £ ¢7]
8'¢€C LY 100 1'0 'L 6'€C 90 I's 6V 69 1'LT 99 w160
vve 9T’ €00 v'o g0l v'ot Tl 8y Ly 91 ocy 61y o [9°0
9y 9T's 00 91 evl vLy Sy 8y 8y 61 8y 8'Ce Jappw OT'0
z 1d 1ojoumsA| ur yydag
o€l 6Lt 100 €0 69 VLY 60 8P Ly €L £ee v'6S o [6°0
1 nd 1opunsA| ut (pdaq
paysidjem Areingly §99.10) Julysiy
6'S1 ST'E 100 vo 'L €8I I'l 8Y 8V L8 86T S19 Jaypour 1570
VLS [4:53 100 9l Tlc VIl Le 9v Sy cll 8 vy ovy IpRW OT0
Z nd 10)ounisA wr ypda(y
£9¢ vo'v 10°0 140 901 Iel 01 8 8'v 891 6Ty (407 Joju 96°0
1 1d 1pounsA] ut yydo(y
paysadjem youeaq deag
(@/8w) (Bo01/bow)
wnuiuny  (yusorad) (yuaoiad) (3uaoiod) Awedeo (8 gor/bow)  sopews jac! jac! JS:1io) ns pueg uonesoY
2]qBjoBINXT 1810} 1810} owuedio a3uByoxo ajejns owedio Jseg 11
1D N1 ‘wnuiuny ‘mnjng ‘uoqis) uone) dIquoBNXy  JUDINJ jusosad Ui ‘sisA[eue 9zZ1s-2[0111BJ

[weiSorny 1od sweidiw ‘Sxy/8w <uonnjos apuo[yo wnissejod [euioud U0 1O NI
ssweid oo 1 Jod spuopeambaijiu ‘8pp1/bow ‘uoneurusyep Hd Jo poysow 9)sed uoneinyes ‘Hd 9)sed ‘uoneurnuidlep (d Jo poyow oner ‘gd 1:7 ]

PUB[AIB]N ‘UIBJUNOIN UNO0JBY) WOIJ Pa}22[jod sajdures Jo SasA[BUB [IOS [BISUIW JO S}NSAY ‘b Jqe L

25

Factors affecting stream chemistry on Catoctin Mountain, Md.



100

80

60

40

PERCENT OF TOTAL

20

EXPLANATION
[[] sanD

SILT

B cay

0.15 0.20 0.61

DEPTH, IN METERS

0.91 1.37

Figure 7. Grain-size fractions of soils from Fishing Creek tributary lysimeter pit 2, Catoctin Mountain, Maryland.

slightly with depth because of an increasing content
of less-weathered parent material. The percentage
of organic matter, percentage of organic carbon,
percentage of total Al, and exchangeable SO,%,
CEC, and extractable Al all decrease with depth
(table 4). At a depth of 0.51 to 0.61 m below land
surface, the soils from all four lysimeter pits had an
average pH of 4.75, 1.1-percent organic matter, 8.8
meq/100 g CEC, 0.4-percent organic carbon, 0.01-
percent total S, 4.2-percent total Al, and 25 mg/kg
extractable Al. The largest difference between soil
samples from the Bear Branch and Fishing Creek
tributary watersheds was in exchangeable SO,%; the
Bear Branch watershed had an average of 18.7
meq/100 g, whereas Fishing Creek tributary water-
shed had an average of 41.6 meq/100 g at depths
ranging from 0.51 to 0.61 m below land surface.

Soil samples collected from specific depths
from one soil pit in each watershed were analyzed
by X-ray diffraction at the USGS mineral-water in-
teraction laboratory in Reston, Va., to identify the
dominant types of minerals present in the soils. The

location of the soil pits where these samples were
obtained is shown for the Bear Branch and Fishing
Creek tributary watersheds on figures 3 and 4, re-
spectively. In the Bear Branch watershed, soil sam-
ples were collected at depths 0f 0.10, 0.15,0.33, and
0.46 m below land surface. In the Fishing Creek
tributary watershed, soil samples were collected at
depths of 0.05, 0.20, 0.33, and 0.51 m below land
surface. The samples were first analyzed in bulk
scans; that is, a subset of the soil sample as it was
collected from the field was X-rayed. The results of
the bulk scans indicated that the amount of plagio-
clase feldspar increases with depth below land sur-
face in both watersheds. The samples then were
sieved to obtain a less than 1-um fraction and ana-
lyzed by X-ray diffraction to identify the dominant
clay minerals. In both watersheds, the dominant
clay mineral is hydroxy-interlayer vermiculite,
whereas kaolinite and smaller amounts of gibbsite
also are present (D.L. Webster, U.S. Geological
Survey, written commun., 1994).
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Bedrock

Bedrock underlies the soils in a watershed and
gives residual soils their original physical and
chemical characteristics. As water travels through
a watershed, it eventually reaches the ground-water
table, which may be located in the soil zone or deep-
er in the bedrock. If the bedrock has primary poros-
ity, the ground water is present in the interstitial
spaces between mineral grains. If the bedrock has
no primary porosity but is fractured, it is said to
have secondary porosity. In this case, the ground
water is present in the fractures in the bedrock.

The bedrock underlying both watersheds is the
Weverton Formation of late Precambrian or Cam-
brian age. The Bear Branch watershed is underlain
by the lower member of the Weverton Formation.
The lower member is characterized by quartzose
graywacke and graywacke conglomerate interbed-
ded with dark-colored phyllites (Fauth, 1977).
Fishing Creek tributary watershed is underlain by
the upper member of the Weverton Formation. The
upper member is characterized by interbedded pro-
toquartzite, graywacke, and quartzite, interbedded
with phyllite and quartz phyllite and overlain by
ferruginous quartzite and conglomerate (Fauth,
1977). An outcrop of a phyllite, which is either the
upper part of the Weverton or the lower part of the
Harpers Formation, is present near the streamflow-
gaging station on Fishing Creek tributary (fig.4).

The Weverton Formation has little primary po-
rosity because its individual grains are cemented
with silica, which is partially the result of metamor-
phism. The Weverton Formation is well fractured,
however, as a result of a long geologic history of
tectonic processes. Therefore, ground water in the
two watersheds flows through fractures in the bed-
rock and through the saturated, coarse regolith
overlying the bedrock.

Sampiles of bedrock and float (isolated, dis-
placed fragments of rock) from each of the water-
sheds were collected and submitted to the USGS
geochemistry laboratory in Denver, Colo., for
whole-rock analyses. Samples were analyzed for
10 major oxides by X-ray fluorescence and for loss
on ignition. Samples were analyzed for CO, by ex-

traction through coulometric titration and for FeO
by potentiometric titration.

The four quartzite samples from the Bear
Branch watershed submitted for whole-rock analy-
ses ranged from 75- to 90-percent SiO,, with the re-
mainder of the rock composed of Al,O;, Fe;O; and
K,0. The four quartzite samples submitted from
the Fishing Creek tributary watershed contained
more Si0,, with the percentage ranging from 95 to
97. One sample of massive quartz (vein quartz) was
submitted, which was almost pure SiO,. A sample
of the phyllite, which crops out near the stream-
flow-gaging station on Fishing Creek tributary con-
tained much less SiO, than the quartzite samples
submitted, with the balance of the rock consisting of
Al,0,, FeO, Fe;O;, MgO, and K,O. The results of
the whole-rock analyses are presented in tables SA
and B.

Thin sections were made from samples of bed-
rock and float collected from each of the water-
sheds. These rock samples were the same samples
that were submitted for whole-rock analyses. For
comparison, samples were collected from a Wever-
ton Formation outcrop exposed by a fresh railroad
cut in Thoroughfare Gap near The Plains in north-
ern Virginia. The thin sections were subjected to
petrographic analysis, cathodoluminescence, and
scanning electron microscopy for determination of
mineralogy. The results of the petrographic analy-
ses are summarized in table 6.

Cathodoluminescence techniques were used
specifically to examine for carbonate minerals in
the thin sections. Qualitative examination by
cathodoluminescence indicated no carbonate min-
erals but confirmed the presence of potassic feld-
spar. The feldspar is present as isolated grains and,
at places, in thin horizons along bedding planes.
The presence of potassic feldspar also was con-
firmed by scanning electron microscopy (SEM).
SEM with qualitative energy dispersive X-ray anal-
ysis was used to identify minerals present in the
Weverton Formation and to obtain qualitative
chemical compositions. In addition to the major
mineral component, quartz, small amounts of epi-
dote, ilmenite, rutile, sericite, tourmaline, and zir-
con were observed. Most of these minerals were
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Table 5a. Results of whole-rock analyses for Bear Branch watershed, Catoctin Mountain, Maryland

[ Values in percent; <, less than]

Sample type

Constituent Quartzite Quartzite Quartzite Quartzite

Silicon dioxide (Si0;,) 87.2 87.1 74.6 90.1

Alumium oxide (Al,0,) 5.65 492 11.4 4.1

Ferrous oxide (FeO) 0.48 0.6 0.89 036

Total iron, expressed as 1.72 243 3.55 1.11

ferric oxide (Fe;O,)

Magnesium oxide (MgO) 0.74 0.82 1.28 0.61

Calcium oxide (CaO) <0.02 <0.02 <0.02 <0.02

Sodium oxide (Na,O) <0.15 <0.15 <0.15 <0.15

Potassium oxide (K,0) 2.57 222 5.12 1.84

Titanium oxide (TiO,) 0.23 0.51 0.88 022

Phosphorous oxide (P,0;) <0.05 <0.05 <0.05 <0.05

Manganese oxide (MnO) <0.02 <0.02 <0.02 <0.02

Carbon dioxide (CO,) <0.01 <0.01 <0.01 <0.01

Loss on ignition (LOT) 1.16 1.06 1.99 1.03
Table 5b. Results of whole-rock analyses for Fishing Creek tributary watershed, Catoctin Mountain, Maryland
[Values in percent; <, less than]

Sample type
Constituent Phyllite Quartzite Quartzite Massive Quartzite Quartzite
quartz
Silicon dioxide (SiO,) 64.9 952 97.3 98.5 96.1 96.3
Alumium oxide Al,O, 18.1 1.58 0.94 0.29 1.06 1.06
Ferrous oxide (FeO) 3.61 0.23 0.07 0.02 0.21 0.06
Total iron, expressed as 5.61 0.59 0.16 <0.04 0.72 0.28
ferric oxide (Fe;O,)

Magnesium oxide (MgO) 1.47 0.27 <0.10 <0.10 0.2 0.17
Calcium oxide (CaO) 0.09 <0.02 <0.02 <0.02 <0.02 <0.02
Sodium oxide (Na,0) 0.92 <0.15 <0.15 <0.15 <0.15 <0.15
Potassium oxide (K,0) 4.11 0.54 0.4 <0.02 0.32 0.32
Titanium oxide (TiO,) 0.91 0.18 0.24 <0.02 0.17 0.36
Phosphorous oxide ( P,O;) 0.13 0.06 <0.05 <0.05 <0.05 <0.05
Manganese oxide (MnO) 0.03 <0.02 <0.02 <0.02 <0.02 <0.02
Carbon dioxide (CO,) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Loss on ignition (LOI) 3.26 0.44 0.15 0.02 0.33 03
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Table 6. Results of thin-section analyses of samples collected from Catoctin Mountain, Maryland

[BB, Bear Branch watershed; FCT, Fishing Creek tributary watershed; all values given in percent; --, none detected,; tr, trace]

Thin-section Quartz Mica/iltite Altered mica Fresh Orthoclase Zircon, Opaques
identification (chlorite or biotite rutile, ilmenite

number biotite or

vermiculite)

BB2 58 - 35 5 2 - -
BB3 43 - 55 - - - 2
FCT2 78 15 - - 7 tr -
FCT5 86 10 - - 4 tr -

present only in trace amounts and were not abun-
dant enough to be detected in the petrographic point
counts.

Streambed Sediments

Streambed sediment can give an indication of
the character of the watershed components that wa-
ter has passed through on its way to the stream.
Usually, in high-gradient streams such as those in
this study, fine-grained materials, such as soil parti-
cles, are carried from the streambed by streamflow.
However, coarser-grained materials, such as rock
fragments, are heavier and settle on the streambed.

Three streambed-sediment samples from each
watershed were collected near and just upstream of
the streamflow-gaging stations and sent to a USGS
laboratory in Reston, Va., for analysis. The sedi-
ment samples were sieved, and the sediment that
passed the 80-mesh screen but was retained on the
200-mesh screen was the part of the sample that was
analyzed. The sieved sample then was split into
two fractions: that with specific gravity greater
than 2.80 (the heavy-mineral suite) and that with
specific gravity less than 2.80 (the light-mineral
suite). For samples with specific gravity greater
than 2.80, the sample was divided again into opaque
minerals and non-opaque minerals. The types of
minerals in all samples were identified by visual ob-

servation with a binocular microscope and by mea-
suring the indices of refraction with immersion oils.
The results of the analyses of the streambed sedi-
ments are presented in table 7.

In the heavy-mineral suite of the samples from
both watersheds, the opaque minerals identified
were brown ilmenite, ilmenite, and leucoxene (al-
tered ilmenite) (James Owens, U.S. Geological Sur-
vey, written commun., 1992). The brown ilmenite
consisted mostly of iron oxides, the ilmenite was
present as unusual small cubic crystals, and the leu-
coxene was present as acicular crystals or as light
brown masses (James Owens, U.S. Geological Sur-
vey, written commun., 1992). Neither apatite nor
magnetite were present in any of the samples. The
non-opaque minerals identified were epidote, rutile,
tourmaline, and zircon. In general, slightly more
tourmaline and slightly less zircon were present in
the samples from Fishing Creek tributary than from
Bear Branch. The epidote was present in green
crystalline form. The rutile was present as pale-
yellow-colored grains. The tourmaline was present
as crystals with very little rounding. The zircon was
mostly subrounded and present less commonly as
metamict and more commonly as non metamict.
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Table 7. Results of streambed-sediment analyses of samples collected from Catoctin Mountain, Maryland

[--, none detected; >, greater than; <, less than]

Minerals identified Bear Branch Fishing Creek tributary
Sample 1  Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
Percent of sample passing 80-mesh screen but retained on 200-mesh screen
(specific gravity >2.80)
Opaque
Brown ilmenite 4 2 5 4 4 2
limenite 64 81 72 69 41 74
Leucoxene 33 17 23 27 55 24
Non-opaque
Epidote 3 4 6 5 1 3
Rutile 6 1 2 2
Tourmaline 1 1 4 11 18 5
Zircon 89 94 89 86 79 90
Opaque:Non-opaque 70:30 63:37 76:24 60:40 76:24 67:33
Percent of sample passing 80-mesh screen but retained on 200-mesh screen
(specific gravity <2.80)
Common quartz 28 26 O] 71 41 66
Plagioclase feldspar - - O - - -
Polycrystalline quartz - - Q) - - -
Potassic feldspar 5 9 ® - - -
Rock fragments 67 65 " 29 59 34
! Sample not collected
Of the light-mineral suite of the samples from Precipitation

both watersheds, the identified minerals were com-
mon quartz, potassic feldspar, and rock fragments.
Neither polycrystalline quartz nor plagioclase feld-
spar were identified in any of the samples. The rock
fragments were mostly a quartz-muscovite assem-

blage, with the muscovite content of the Bear

Branch samples significantly higher than the Fish-
ing Creek tributary samples (James Owens, U.S.
Geological Survey, written commun., 1992). The
Bear Branch samples also had more, though still
minor amounts of, potassic feldspar than the Fish-
ing Creek tributary samples (James Owens, U.S.

Geological Survey, written commun., 1992).

Precipitation is the ultimate source of recharge
to ground water in the small headwater watersheds
studied. Therefore, the quantity and quality of the
precipitation entering a watershed have significant
effects on the hydrologic and geochemical
responses of the streams. This section of the report
describes the long-term (1982-93) quantity and
quality of precipitation on Catoctin Mountain, as
well as information specific to the period of study
(1990-93). Detailed precipitation quantity and
chemistry data collected from the USGS Catoctin
Mountain precipitation-collection station for
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1982-91 are given in Rice and others (1993), and
for 1987-93 in Rice and others (1996, in press).

From 1982 through 1993, the average annual
amount of precipitation on Catoctin Mountain was
1,145 mm. This 12-year average compares favor-
ably with the long-term average (1931-80) for
north-central Maryland, which was 1,110 mm (Na-
tional Oceanic and Atmospheric Administration,
1981). For the 12-year period of record on Catoctin
Mountain, the variability in the annual amount of
precipitation ranged from a minimum of 937 mm in
1982 to a maximum of 1,485 mm in 1984 (table 8).
For the period of this study, 1990-93, the annual
amounts of precipitation ranged from a minimum of
964 mm in 1991 to a maximum of 1,243 mm in
1990, values that bracket the long-term average
amount of precipitation for the region.

Precipitation falling on Catoctin Mountain is
some of the most acidic in the United States (Rice
and Bricker, 1992b). The relations among SO,*
and NO; concentrations and pH in precipitation are
shown graphically in figure 8. Annual volume-
weighted concentrations of chemical constituents
for the 12-year period of record of precipitation
(1982-93) are shown in table 9. For the 12-year pe-
riod of record, the volume-weighted average field-
measured pH was 4.16, and the volume-weighted
average concentrations of SO,% and NO; were 51.3
and 23.6 peq/L, respectively (table 9). Examination
of the volume-weighted average concentrations in
table 9 reveals the annual variability of precipitation
constituents. No seasonal pattern in variability has
been observed in base-cation concentrations; how-
ever, H* ion, SO,* and NO;™ concentrations do
show a seasonal pattern, with the higher concentra-
tions during the summer months. Precipitation
chemistry data are shown on box plots for 1990-93
(fig. 5). The plots indicate that the H* ion and SO,*
have the greatest variability for the period.

Atmospheric wet-deposition loadings were cal-
culated for each year for the period of record from
the USGS Catoctin Mountain precipitation-
collection station (1982-93). The wet-precipitation
loadings, in moles per hectare per year, are shown
in table 10.

Table 8. Annual amount of precipitation recorded on
Catoctin Mountain, Maryland, 1982-93

[Data from Rice and others (1993, 1996) ]

Year Annual precipitation
(millimeters)
1982 937
1983 1,468
1984 1,485
1985 1,119
1986 944
1987 1,095
1988 951
1989 1,082
1990 1,243
1991 964
1992 1,232
1993 1,217

Annual average for period of record is 1,145 millimeters

Freshwater (streams, lakes, ground water) orig-
inates entirely from precipitation. Hydrogen and
oxygen combine to form the water molecule, and
their isotopic fractionations are usually covariant.
Thus, the spatial and temporal variations in isotopic
composition of precipitation can be used to investi-
gate ground-water recharge and the sources of wa-
ter contributing to streamflow. A number of factors
affect the isotopic composition of precipitation.
Dansgaard (1964) found that the delta deuterium
(0D) and delta O-18 (8'*0) contents of precipitation
are affected by altitude, latitude, distance inland
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Figure 8. Variation in laboratory pH of precipitation collected from 1982-93 and sulfate and nitrate concentrations,
Catoctin Mountain, Maryland.
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